The aspartic protease ␤-secretase (BACE) cleaves the amyloid precursor protein into a 42 residue ␤-peptide, which is the principal biochemical marker of Alzheimer's disease. Multiple explicit-water molecular dynamics simulations of the apo and inhibitor bound structures of BACE indicate that both open-and closed-flap conformations are accessible at room temperature and should be taken into account for inhibitor design. Correlated motion is observed within each of the two lobes of BACE, as well as for the interfacial region. A self-inhibited conformation with the side chain of Tyr71 occupying the S 1 pocket is present in some of the unbound simulations. The reversible loss of the side chain hydrogen bond between the catalytic Asp32 and Ser35, due to the concomitant reorientation of the Ser35 hydroxyl group and a water molecule conserved in pepsin-like enzymes, provides further evidence for the suggestion that Ser35 assists in proton acceptance and release by Asp32 during catalysis.
Introduction
Human β-secretase (BACE, also called memapsin-2 or ASP-2) is a membrane-associated, pepsin-like aspartic protease that cleaves the amyloid precursor protein to generate the 42 residue amyloid-β peptide (Aβ). Since Aβ is the principal biochemical marker of Alzheimer's disease, BACE is a pharmacologically important enzyme target (Ghosh et (Andreeva et al., 1992) . Tyr71 was also suggested to play a role in the capture and cleavage of substrates (Tang and Koelsch, 1995) . Another interesting difference between the two apo structures of BACE involves a short loop (residues 9-14, also called the "10s loop" [Patel et al., 2004] ) located between two strands at the base of the S 3 subpocket (see Figure 1B for subsite locations). This loop is in a closed conformation in The role of individual amino acids and water molecules neighboring the catalytic aspartates (Asp32/ Asp228 in BACE) of pepsin-like enzymes is not clearly understood. A study based on the analysis of 82 crystal structures suggested that the different hydrogen bonding patterns of the two active aspartates with the adjacent residues are responsible for their optimal activity at low pH (Andreeva and Rumsh, 2001 ). Furthermore, two completely conserved water molecules were observed. The first water is located between the carboxyl groups of the catalytic aspartates and was proposed to act as a nucleophile. The second conserved water molecule is involved in a hydrogen bond with the hydroxyl group of Tyr71, and this bond bridges the chain of hydrogen bonded residues between the flap and the catalytic aspartates upon ligand binding (Andreeva and Rumsh, 2001; Prasad and Suguna, 2002) .
Receptor rearrangement upon ligand binding as the main complicating factor in structure-based ligand design is a widely appreciated problem (Teague, 2003; Cavasotto and Abagyan, 2004) . Detailed structural analysis and generation of a statistically significant ensemble of protein conformations starting from the available X-ray structure(s) is an important strategy for structure-based design. This approach has been tested on HIV-1 protease and has yielded promising results (Meagher and Carlson, 2004) In this study, twelve 300 K explicit-water MD simulations of BACE in the absence and presence of the inhibitor OM99-2 (total simulation time of w0.3 s) were performed to investigate the plasticity of the binding site residues as well as the flap opening and the accompanying side chain reorientations. The simulations illustrate the dynamic properties of the binding site and provide structural insights into the role of individual active site residues and water molecules in catalysis. Moreover, the analysis of the trajectories suggests that the flap lacks a predominant conformation, an observation that has implications for inhibitor design. Table 1 . Excluding the flexible insertion segments, the average C α -rmsd from the corresponding X-ray structures ranges between 1.3 Å and 1.8 Å (Table 1) for the last 10 ns of the simulations, while the range for all C α atoms is between 1.7 Å and 3.4 Å. The overall conformation ( Figure 2A ) and secondary structural elements are stable in all simulations. Figure 3C ). Indeed, in the simulations, the Lys9-Asp310 side chain hydrogen bond is more stable than the Lys9-Leu161 hydrogen bond, in agreement with the APO2 X-ray structure in which A was entirely missing and the 10s loop was displaced by 4.5 Å with respect to OM99-2. Only in om99-uA is the hydrogen bond between the carbonyl of Leu161 and the Lys9 side chain stable ( Figure 3C) ; here, segment A also retains the conformation of the starting structure. Furthermore, the backbone carbonyl of Gly158 (segment A) is close to the phenolic OH of Tyr320 (near the C terminus of segment F) in the APO1 and OM99-2 X-ray structures, but not in the simulations and APO2 ( Figure 3C, right) . Despite the uncertainties that can arise from experimental conditions such as crystal packing and disorder contributions, the very good overall agreement between crystallographic and calculated B factors indicates that the relative flexibility of the different parts of the protein is correctly captured in the simulations.
Results and Discussion

Overview of the Simulations
Motion in the Substrate
Intralobe Concerted Motion
To investigate concerted motion in BACE, the crosscorrelation coefficient between the displacement of each pair of residues was calculated following a previous Figure 4) . Moreover, part of the interfacial region, i.e., residues 151-180, moves in concert with the rest of the protein, which is essential to preserve integrity of the active site. On the other hand, the insertion segments do not show a positively correlated motion with the rest of the structure. The inhibitor bound and free simulations display a similar pattern of concerted motion, except for the higher correlation in the former, which can be explained by the increased rigidity of the enzyme due to the presence of a tightly bound peptide in the binding site between the two lobes. In other words, the inhibitor acts as an interlobe "communicator," which is not possible for the water molecules occupying the binding site in the free enzyme. In fact, the segments with higher correlation in the bound with respect to the free simulations are the catalytic dyad, 10s loop, and the flap (Figure 4) . As previously found for HIV-1 protease (Harte et al., 1992), correlated motion is higher at longer timescales, but the pattern is essentially identical (not shown). The present analysis, and in particular the intralobe concerted motion, is consistent with a comparative study of the X-ray structures of native endothiapepsin and 15 endothiapepsin-inhibitor complexes, which suggested that there are few interactions between the two parts of this enzyme and, therefore, they can undergo displacement "as separate rigid bodies" (Šali et al., 1992) Figures 6C and 6D) . Each of the free trajectories sampled both the open and closed conformations irrespective of the starting structure or the active site protonation. However, details of the flap motion varied, consistent with the different levels of opening observed in the X-ray structures APO1 and APO2. Relative to the starting coordinate, the flap in both om99-u simulations moved higher up (larger Z) and farther away from the loop opposite it (larger X). Also, the juxtaposed bottleneck residues moved farther apart (larger Y). In apo-u1, the scatter plots ( Figure 6D ) are inverse-bell shaped, indicating that no further closure of the bottleneck beyond the closure observed in OM99-2 is possible, yet the flap tip can move toward the S 1 pocket (lower Z). Such displacement of the flap tip is most pronounced in the simulations with both of the catalytic aspartates charged (om99-Cu) and in the runs without the crystal waters (om99-u*). The latter observation might be related to the lack of a water molecule in the position of the conserved W2 (see below) at the beginning of the om99-u* runs. The same observation provides evidence that it is more appropriate to keep the water molecules of the crystal structure in MD simulations because equilibration of water molecules into binding site pockets is not complete within a 20 ns timescale.
The extent of flap opening differs not only between 
Self-Inhibition and Orientation of the Flap Tyrosine
The orientation of the Tyr71 side chain was monitored along the simulations by using the angle θ between the vectors Tyr71 C β / Tyr71 OH and Tyr71 OH / Gly34 O ( Figure 8A) . Thus, θ is large (small) for Tyr71 orientations pointing toward (away from) the S 1 pocket. In the bound simulations, θ remained around 60°, while it significantly increased in the unbound simulations upon rupture of the Tyr71-Trp76 hydrogen bond (om99-u) or the hydrogen bond between Tyr71 OH and the CO of Lys107 (apo-u1, Figure 8B) . Thus, the side chain of Tyr71 in the free simulations generally points toward the S 1 substrate binding pocket. Furthermore, in the conformations in which the flap tip is also oriented toward the S 1 pocket (i.e., those with smaller values of variable Z, such as in apo-u1, in om99-Cu, and, to some extent, in apo-u2), the Tyr71 side chain is involved in a direct hydrogen bond with the side chain carboxyls of Asp32 ( Figures 7B and 8) or with the backbone carbonyl of Gly34 in a self-inhibitory mode. Note, however, that the Tyr71-Asp32 hydrogen bond was reversible and weak in simulations apo-u2 and apo-u1B. Hence, the selfinhibited form is not the dominant conformation when the catalytic dyad is monoprotonated. Moreover, apo-u2 evolved to the closed-flap conformation with eventual formation of the Tyr71-Trp76 hydrogen bond. The Tyr71-Asp32 interaction is strongest in om99-Cu, since the hydroxyl of Tyr71 was further stabilized by the stronger negative potential in the active site. This result supports the monoprotonation of the active aspartates and is consistent with the reduced activity of BACE around neutral pH (Vassar et al., 1999; Grüninger-Leitch  et al., 2002) . et al., 2002) . In these structures, Tyr75 (pepsin numbering) is in either a direct or a water-mediated hydrogen bonding arrangement with the carbonyl oxygen of Gly217 (corresponding to Gly34 in BACE). Despite suggestions of some functional role, such as having a negative impact on activity (Gustchina et al.,  2002) , the importance of self-inhibition in catalysis is not known. Based on the calculated pK a s (see Experimental Procedures), both Asp32 and Asp228 are likely to be charged at neutral pH. Thus, the deprotonation of the aspartates in simulation om99-Cu roughly represents the active site charge distribution around neutral pH. Therefore, although insufficient statistics precludes a definitive claim, the om99-Cu simulation results indicate that self-inhibition by the displacement of the Tyr71 side chain into the S 1 pocket impairs the enzymatic activity at neutral pH. This is consistent with the fact that aspartic proteases often employ conformational changes to modulate their intrinsic activity. In Cathepsin D, a 10 residue N-terminal segment relocates into the active site so that an interaction of a lysine (Table 2) . Thus, the conformation of the Tyr71 side chain in APO1 is not consistent with other structural data (Patel et al., 2004 ) and the present simulation results. One possible explanation may be that the catalytic pocket of APO1 was occupied by impurities that probably forced the side chain of Tyr71 to point outside of the substrate binding site. In fact, upon superposition of the electron density maps onto the APO1 atomic coordinates (pdb code 1sgz, structure factors kindly provided by Dr. L. Hong), a weak electron density is visible in the active site. Hence, it is likely that the hydrogen bond between Tyr71 and the CO of Lys107 is present only sporadically in the free enzyme. Huang et al., 2005) . We plan to continue our in silico screening based on docking by using the present trajectories in a pharmacophore-type approach based on multiple BACE conformations. The utility of such an approach, and in particular the improved performance upon incorporation of protein flexibility, has been shown for HIV-1 protease by others (Meagher and Carlson, 2004) . Second, the Tyr71 side chain can be involved in a hydrogen bond with the catalytic Asp32 or the carbonyl oxygen of Gly34, which results in self-inhibition, especially at neutral pH, at which both catalytic aspartates are likely to be charged. This observation is consistent with a pH optimum of about 4 for BACE activity and poor activity at pH values above 6 (Grüninger-Leitch et  al., 2002) . Third, the simulation results provide further evidence for the role, proposed previously by others (Andreeva and Rumsh, 2001), of the conserved water molecules and residues involved in hydrogen bonds with the aspartates of the catalytic dyad. In particular, the fast (i.e., sub-ns) reorientation of the Ser35 hydroxyl group and the rigidity of the Thr231 side chain indicate that the former assists Asp32 in proton acceptance and release during catalysis, while the latter protects the Asp228 carboxyl from protonation at acidic pH. (Table  1) . Furthermore, yet another structure of free BACE was published recently (APO2, pdb code 1w50) (Patel et al., 2004) . A simulation from APO2 was performed to improve statistics (Table 1) .
Interactions in the Active
Experimental Procedures Preparation of BACE
Particular attention was given to the ionization state of the cleavage site, which contains the aspartyl dyad (Asp32/Asp228). At optimal pH for enzymatic activity (w3.5-4.5), the aspartyl dyad is most probably monoprotonated in the uncomplexed enzyme as well as in the complex with the peptidomimetic inhibitors with a hydroxyethylene isostere of the peptide bond. In this study, the pK a values for the charged groups were calculated by using the finite-difference Poisson-Boltzmann method as in a previous work (Gorfe et al., 2002) . Asp32 was protonated based on the computed pK a on the OM99-2 X-ray structure (the estimated pK a s were 4.6 and 0.2 for Asp32 and Asp228, respectively). The protonation of Asp32 was also suggested by a previous MD and docking study (Park and Lee, 2003) . A recent quantum mechanical study suggested dideprotonated and monoprotonated states for the free and complexed forms of BACE, respectively (Rajamani and Reynolds, 2004) . However, dideprotonation is in contradiction with the accepted reaction mechanism of pepsin-like enzymes (Suguna et al., 1987; Davies, 1990) , which requires that one of the aspartic residues be protonated. To check the behavior of the simulations in the dideprotonated state of the unligated enzyme, a simulation was run in which both Asp32 and Asp228 were charged (Table 1) .
Molecular Dynamics Simulations
The protein was solvated in a water box of appropriate dimensions so that the minimum distance between any protein atom and the side of the box is 13 Å, resulting in w15,535 water molecules and a total number of atoms of w52,000. The water molecules were equilibrated around the rigid protein for 0. Names of the simulations are listed in Table 1 . Individual trajecto-ries are suffixed with A, B, or C (e.g., om99-uA, om99-uB, apo-u1A, apo-u1B, etc.).
